Evidence from clinical studies shows that early cerebellar injury can cause abnormal development of the cerebral cortex in children. Characterization of normative development of the cerebellar and cerebello-cortical organization in early life is of great clinical importance. Here, we analyzed cerebellar, cerebello-cortical, and cortico-cortical functional networks using resting-state functional magnetic resonance imaging data of healthy infants (6 months, n = 21), children (4-10 years, n = 68), and adults (23-38 years, n = 25). We employed independent component analysis and identified 7 cerebellar functional networks in infants and 12 in children and adults. We revealed that the cerebellum was functionally connected with the sensorimotor cortex in infants but with the sensorimotor, executive control, and default mode systems of the cortex in children and adults. The functional connectivity strength in the cerebello-cortical functional networks of sensorimotor, executive control, and default mode systems was the strongest in middle childhood, but was weaker in adulthood. In contrast, the functional coherence of the cortico-cortical networks was stronger in adulthood. These findings suggest early synchronization of the cerebello-cortical networks in infancy, particularly in the early developing primary sensorimotor system. Conversely, age-related differences of cerebellar, cerebello-cortical, and cortico-cortical functional networks in childhood and adulthood suggest potential asynchrony of the cerebellar and cortical functional maturation.
Introduction
The cerebellum is one of the first brain structures to differentiate during embryogenesis (Larsell 1947) but only develops its long-range connections with the cerebral cortex postnatally (Yakovlev and Lecours 1967) . Clinical studies indicate that damage to the cerebellum alters its organization with the cortex, which influences visuospatial, language, and memory functions (Steinlin 2008) . Children with attention deficit hyperactivity disorder (ADHD), dyslexia, and autism show reduced cerebellar volume (Mackie et al. 2007 ), cerebellar hypoactivation (Nicolson et al. 2001) , and early cerebellar-related diaschisis (Wang et al. 2014) , respectively. Interestingly, survivors of preterm cerebellar injury show reduced volumes in the prefrontal, sensorimotor, and temporal cortices at 3 years of age (Limperopoulos et al. 2010) . These findings underscore a need to investigate and understand normative development of the cerebellum and its relationship with the cerebral cortex in early life.
The cerebellum connects with the cerebral cortex only through polysynaptic circuits, which makes it technically challenging for tracing the cerebello-cortical connectivity using in vivo imaging techniques (Buckner et al. 2013) . Resting-state functional magnetic resonance imaging (rsfMRI) has received great attention for the comprehensive investigation of polysynaptic functional systems of the brain (Biswal et al. 1995; Fox et al. 2007 ). Moreover, rsfMRI requires minimal task compliance during its acquisition. It is hence suitable for exploring the development of the brain functional organization in infants and children (Fair et al. 2008; Kelly et al. 2009; Dosenbach et al. 2010; Uddin et al. 2011) . Studies of rsfMRI help to uncover important developmental principles, including simultaneous pruning of local connectivity and strengthening of long-range connectivity, as well as a shift from diffuse to focal activation patterns from birth onwards (Uddin et al. 2010) . In addition, the emergence of functional segregation and integration in default mode and executive control networks are shown from childhood to adulthood (Fair et al. 2007 (Fair et al. , 2008 . Coactivation of different brain regions during the developing stage is partly due to coherent development of myelination, synaptic pruning, and regulation among these regions. However, this developmental principle is mainly derived for the cortical functional organization. Presumably, it can also be applied to the development of cerebello-cortical functional organization, which still remains largely unknown.
Furthermore, non-human primates show separate motor and prefrontal (high-order cognitive) cerebello-cortical networks, but parallel close-loop circuits (Middleton and Strick 2001; Kelly and Strick 2003) . Likewise, human adults also show different cerebellar regions with distinct connections to sensorimotor as well as association cortical networks (Krienen and Buckner 2009; O'Reilly et al. 2010; Bernard et al. 2012; Kipping et al. 2013) . Similarly, during adolescence the human brain exhibits functionally distinct cerebello-cortical networks associated with motor and prefrontal functions (Bernard et al. 2016) . When skills in various motor and cognitive domains are acquired during childhood, one would expect that motor and cognitive cerebello-cortical networks might be equally important and develop in parallel (Diamond 2000; Koziol et al. 2010) .
In this study, we aimed to characterize functionally distinct cerebellar networks and their integration with the cerebral cortex, as well as cortico-cortical networks using rsfMRI in infants, children, and adults. Owing to the neuronal rewiring in the course of development mentioned above, we expected that the organization of cerebello-cortical networks could be the result of iterative refinement of cerebellar and cortico-cortical functional organization through the course of development. In addition, as requisites of motor and cognitive skills, we expected that functional integration of the cerebellum with the sensorimotor cortical system could occur in infancy Fransson et al. 2011) . In contrast, lateral cerebellar functional networks involved in association cortical systems, such as default mode and executive systems, may appear later and show protracted development of functional connectivity with higher-order cortical networks in childhood.
To test the above hypotheses, we examined cerebellar functional networks using a data-driven independent component analysis (ICA) in infants and children/adults. As the brain size of infants is much smaller than that of children and adults, and structural MRI cannot clearly differentiate gray (GM) and white matters (WM) at this stage of the development, cerebellar and cerebello-cortical functional networks of the infant brain were hence illustrated rather than quantified in this study.
Subsequently, we utilized cerebellar functional networks as seed regions to detect their functional connectivity patterns with cortical regions, which are referred to as cerebello-cortical functional networks throughout the paper. Finally, we quantified to what extend cortico-cortical functional networks in children resembled those in adults by adopting the wellestablished cortical parcellation obtained using 1000 rsfMRI datasets . Even though this cortical parcellation is adult-centric, we expected that fundamental differences in cortico-cortical functional networks between children and adults mainly lie in functional connectivity rather than network configuration as suggested by previous studies (Uddin et al. 2010 ).
Materials and Methods

Subjects
Infancy and Early Childhood (INF and EC) Infants of mothers who participated in a prospective longitudinal birth cohort study, Growing Up in Singapore Towards Healthy Outcomes (GUSTO), were recruited for neuroimaging. The GUSTO cohort consisted of pregnant Asian women attending the first trimester antenatal ultrasound scan clinic at the National University Hospital (NUH) and KK Women's and Children's Hospital (KKH) in Singapore (Soh et al. 2014) . The parents were Singapore citizens or Permanent Residents of Chinese, Malay, or Indian ethnic background. Socioeconomic status (household income) was extracted from survey questionnaires during pregnancy. Birth outcome and pregnancy measures were obtained from hospital records. The GUSTO cohort study was approved by the National Healthcare Group Domain Specific Review Board (NHG DSRB) and the SingHealth Centralized Institutional Review Board (CIRB). Written consent was obtained from mothers.
This study included only neonates with gestational age greater than or equal to 37 weeks, birth weight larger than 2500 g, and a 5-min APGAR (Appearance, Pulse, Grimace, Activity, Respiration) score greater than or equal to 9. We extracted imaging datasets of 6-month-old infants (n = 21; age = 6.18 ± 0.4 months) and children aged 54 months (n = 25; age = 54.36 ± 0.75 months).
Middle and Late Childhood (MC and LC)
Imaging data of 43 children aged 72-84 months (n = 25; age = 77.4 ± 3.87 months) and 101-120 months (n = 18; age = 108.94 ± 5.02 months) were extracted from an existing children brain and cognitive development study (Zhong et al. 2014) . During the recruitment, we excluded subjects with an existing diagnosis of chronic medical conditions (e.g., cancer, congenital abnormalities) and/or mental illnesses (e.g., ADHD, Autism). Written consent was obtained from participants' parents under the approval of the Institutional Review Board of the National University of Singapore.
Adulthood (ADLT)
Imaging data of participants aged 23-38 years (n = 25; age = 29.16 ± 4.31 years) were extracted from a healthy aging study (Lee et al. 2015) . Volunteers with the following conditions were excluded: 1) major illnesses/surgery (heart, brain, kidney, lung surgery); 2) neurological or psychiatric disorders; 3) learning disability or attention deficit; 4) head injury with loss of consciousness; 5) non-removable metal objects on/in the body such as cardiac pacemaker; 6) diabetes or obesity; 7) a Mini-Mental State Examination (MMSE) score of less than 26 (Ng et al. 2007 ). This study was approved by the National University of Singapore Institutional Review Board and all participants provided written informed consent prior to participation.
MRI Data Acquisition
Infant MRI Infants underwent MRI scans at 6 months of life using a 1.5T GE scanner at the Department of Diagnostic and Interventional Imaging of the KK Woman and Children's Hospital in Singapore. The imaging protocols were as follows: 1) fast spinecho T 2 -weighted MRI (50 axial , repetition time = 2500 ms, echo time = 40 ms, 120 volumes). The scans were acquired when subjects were sleeping in the scanner. No sedation was used, and precautions were taken to reduce exposure to MRI scanner noise. A neonatologist was present during each scan. A pulse oximeter was used to monitor heart rate and oxygen saturation through the entirety of the scans.
Child MRI MRI datasets of EC were acquired on a 3 T Siemens Magnetom Skyra Syngo scanner with a 32-channel head coil at KK Woman and Children's Hospital in Singapore. The image protocols were as follows: 1) high-resolution isotropic Adult MRI MRI scans were acquired using the same scanner as that for MC and LC. The image protocols were 1) high-resolution isotropic T 1 -weighted MPRAGE sequence (192 slices, 1 mm thickness, field of view = 256 × 256 mm, matrix = 256 × 256, voxel size = 1 × 1 × 1 mm 3 , repetition time = 2300 ms, echo time = 1.90 ms, inversion time = 900 ms, flip angle = 9°); 2) isotropic axial fMRI imaging protocol (single-shot echo-planar imaging; 48 axial slices with 3 mm thickness, no inter-slice gaps, field of view = 192 × 192 mm, matrix = 64 × 64, voxel size = 3 × 3 × 3 mm 3 , repetition time = 2300 ms, echo time = 25 ms, flip angle = 90°, 206 volumes). During the resting-state scan, the subjects were asked to close their eyes. The scanning information is briefly summarized in Table 1 .
Anatomical and Functional MRI analysis
Anatomical MRI Processing Anatomical segmentation into 3 tissue types, gray matter, white matter, and cerebro-spinal fluid (CSF), was performed using FreeSurfer (Fischl et al. 2002) for the child and adult datasets. The cerebellum and cerebrum were also delineated using FreeSurfer. Nonlinear image normalization was achieved by coaligning individual T 1 -weighted MRI images to the atlas space via large deformation diffeomorphic metric mapping (LDDMM) (Du et al. 2011) . For infants, the cerebellum and cerebrum were manually delineated on the T 2 -weighted image.
rsfMRI Preprocessing
The rsfMRI scans in this study were with maximal translational motion of less than 1 mm, rotational movement of less than 2 degrees, and framewise displacement (FD) less than 0.5 mm (Power et al. 2012) .
For ICA, all rsfMRI scans were preprocessed by the following pipeline using FSL (Beckmann and Smith 2004) : slice time correction, motion correction, and skull stripping. Within subjects, the mean functional volume was aligned to the corresponding anatomical image via rigid body alignment. Subsequently, intensity normalization was applied. For group analysis, the functional data were transformed to the age-appropriate atlas space via LDDMM obtained based on the anatomical data (separate atlases were used for infants and children/adults). Since differences in the rsfMRI scan length of the infant, child, and adult datasets may influence rsfMRI functional network analysis (Biswal et al. 2010; Van Dijk et al. 2010 ), all rsfMRI data in our study were truncated to 120 volumes. Spatially normalized rsfMRI data of children and adults were kept at a voxel size of 3 × 3 × 3 mm 3 . Spatially normalized rsfMRI data of infants were upsampled at 1 × 1 × 1 mm 3 as the brain size is much smaller. Note: For all datasets, only the first 120 fMRI volumes were used in the analysis to avoid potential influence due to the scanning length.
For subsequent rsfMRI analysis, functional signals were further analyzed with a band-pass filter (0.01-0.08 Hz). Motion parameters (6 motion parameters as obtained during motion correction) and mean WM and CSF signals were then regressed out. Spatial smoothing with an isotropic Gaussian kernel with a 6-mm full width at half maximum was performed at the first statistical level on spatial normalized beta maps of the cerebellum and the cerebrum.
Cerebellum-only Group-ICA We employed multivariate MELODIC group-ICA (Beckmann and Smith 2004) in the INF (n = 21) and the combined EC, MC, LC, and ADLT datasets (n = 93) to identify cerebellar functional subdivisions in infants and children/adults. This ICA was only applied to the functional data in the cerebellum since it has been shown to be more suitable for parcellating the cerebellum into its functional units as compared with applying ICA to the whole brain functional data (Dobromyslin et al. 2012) . The cerebellar masks were created on the infant and child brain atlases separately. As mentioned in the anatomical MRI analysis, the cerebellum mask was manually delineated for the infant brain atlas. The cerebellum mask was delineated using FreeSurfer for the child brain atlas (Fischl et al. 2002) .
The FastICA algorithm in MELODIC (Hyvarinen and Oja 1997) estimated 15 and 40 independent components (ICs) for the infant and child/adult datasets, respectively. Component dimensionality was kept as a free-choice parameter to assure for robust, but noise-reduced, functional networks. We selected the components that reflected functionally relevant, mostly bilateral, or homologous unilateral components in the gray matter, resulting in 7 and 12 components for the infant and the combined child and adult datasets, respectively. The discarded components (see Figures S1 and S2) were along cerebellar GM and CSF borders, along the supratentorial space, or within the cerebellar white matter. In addition, we only selected cerebellar components that showed cerebello-cortical functional connectivity as revealed by the dual regression approach described below. The spatial mixture model of ICA (0.99-1) was used to threshold the 7 and 12 ICs that constructed the cerebellar functional networks in infants and in children/ adults, respectively.
Cerebello-Cortical Functional Networks
A dual regression analysis was used to obtain single-subject spatial cerebellar and cerebello-cortical normalized beta maps for each cerebellar network ( Fig. 1 for infants and Fig. 2 for children/adults) identified above (Filippini et al. 2009 ). For each subject, spatial cerebellar components from the group-ICA were regressed (as spatial regressors in a multiple regression) out from the subject's time-course data. This resulted in a set of subject-specific time-series corresponding to each cerebellar component respectively. Next, those time-series were regressed (as temporal regressors in a multiple regression) into the same 4D dataset, resulting in the subject-specific spatial beta maps. The beta maps were then normalized. The resulting ICA-derived cerebellar and cerebello-cortical spatial maps represent the voxel-wise cerebellar and cerebello-cortical functional connectivity.
One-sample t-tests were further used to identify each of the functional cerebello-cortical connectivity maps for INF, EC, MC, LC, and ADLT at the group level. Each cerebellocortical connectivity map was thresholded at a familywise error (FWE) corrected significance level of 0.05 using the threshold-free cluster enhancement method in FSL with 10 000 permutations (Winkler et al. 2014) .
We computed functional coherence to quantify the development of the cerebellar functional networks in childhood and adulthood. Cerebellar functional coherence was computed as the average of normalized beta values within each thresholded and binarized cerebellar component. This coherence represents the synchronous signal within each cerebellar network and was used for the examination of the age-related differences in cerebellar functional networks.
To quantify group differences of cerebello-cortical functional networks in children and adults, we investigated a group-specific cerebello-cortical network organization. We employed the winner-take-all method that was previously used to identify subcortico-cortical functional networks (Zhang et al. 2008; Buckner et al. 2011; Choi et al. 2012; Greene et al. 2014) . First, we generated 12 cerebello-cortical maps by averaging component-specific spatially smoothed cortical normalized beta maps across the child and adult dataset (n = 93). The 12 group maps were concatenated, and the cortex was divided by assigning each cortical voxel to the cerebellar functional component yielding the highest positive normalized beta value. The cerebello-cortical network organization consisted of 12 cortical functional networks. We then computed the functional connectivity strength of each cerebello-cortical network by averaging normalized beta values within each cortical network. This functional connectivity measure was used for the examination of the age-related differences in cerebellocortical networks.
Cortico-Cortical Functional Networks
We also computed cortico-cortical functional networks for understanding the differences in their functional coherence among the 4 age groups. As mentioned in the Introduction, we adopted a mature cortico-cortical functional network framework robustly derived from a publicly available rsfMRI data of 1000 healthy adults , including the visual, somatomotor, dorsal attention, ventral attention, frontoparietal, default mode, and limbic networks. For each subject, we extracted the average time-series corresponding to a specific network. We regressed the averaged time-series of each network against the voxel-wise cortical time-series, which resulted in normalized beta maps. The normalized beta values were then averaged within each network representing the networkspecific coherence. This coherence measure was used for the examination of the age-related differences in cortico-cortical functional networks.
Statistical Analysis
Analysis of variance (ANOVA) was used to investigate significant differences in cerebellar functional coherence, cerebellocortical functional connectivity, and cortico-cortical functional coherence measures among the EC, MC, LC, and ADLT groups. Subject motion during the rsfMRI scanning is often suggested to influence functional connectivity fluctuation (Power et al. 2012; Satterthwaite et al. 2012) . Mean FD was included as a covariate in ANOVA tests. It was computed by averaging the absolute FD values derived from 6 translational and rotational motion parameters across all the fMRI time courses. Figure S3 displays boxplots of group-specific mean FD (EC, MC, LC, and ADLT). In post hoc analysis, multilinear regression models with mean FD as covariate was used to examine pair-wise group differences in the cerebellar functional coherence, cerebellocortical functional connectivity, and cortico-cortical functional coherence. Statistical significances for ANOVA and post hoc pair-wise group comparisons were, respectively, reported at P < 0.05, adjusted for the number of the ANOVA tests and for the number of post hoc pair-wise group comparisons using a multiple comparison correction approach proposed by Benjamini and Hochberg (1995) . All P values reported below are corrected values.
Results
Infant Cerebellar and Cerebello-Cortical Functional Networks
Using cerebellar group-ICA, we identified 7 cerebellar functional components in infants that resembled functional areas known from the human adult literature (Dobromyslin et al. 2012 ) as shown in Figure 1 . The 7 cerebellar functional networks were composed of anatomical bilateral I-IV, bilateral VI-VIIa, left VIIa, right VIIa, bilateral VIIb, bilateral VIII cerebellar lobules, and bilateral IX/posterior vermis. Our results further revealed that only the cerebellar functional networks that are composed of lobules I-IV and VIII had significant functional connectivity with the cortex in infancy. Figure 3 shows that the network in anterior cerebellar lobules I-IV (IC 5) was functionally connected to the bilateral dorsal sensorimotor cortex, and that cerebellar lobule VIII (IC 3) also had broad functional connectivity with the bilateral sensorimotor cortex.
Cerebellar Functional Networks in Childhood and Adulthood
Figure 2 illustrates 12 cerebellar functional networks detected in the combined child and adult datasets. These functional networks were mainly composed of anatomical bilateral I-III, bilateral IV-V, left and right V/VIII, bilateral VI, left and right medial VIIa, left and right lateral VIIa, bilateral VIIa, VIIb-VIII, and bilateral IX cerebellar lobules. Figure 4A shows bar plots of the cerebellar functional coherence in each age group for each cerebellar functional network. Significant differences among the 4 groups (EC, MC, LC, ADLT) were found in 5 cerebellar functional networks (I-III: F (3, 88) = 4.37, P = 0.006; VI: F (3, 88) = 6.30, P = 0.001; left medial VIIa: F (3, 88) = 3.40, P = 0.021; VIIb-VIII: F (3, 88) = 5.35, P = 0.002; IX: F (3, 88) = 4.82, P = 0.004). No significant differences were found among the 4 age groups in the other 7 cerebellar functional networks (IV-V: F (3, 88) = 1.45, P = 0.233; left V/VIII: F (3, 88) = 2.03, P = 0.115; right V/VIII: F (3, 88) = 2.16, P = 0.098; left lateral VIIa: F (3, 88) = 0.83, P = 0.482; right lateral VIIa: F (3, 88) = 1.54, P = 0.210; right medial VIIa: F (3, 88) = 1.77, P = 0.158; VIIa: F (3, 88) = 1.82, P = 0.150).
Subsequent pair-wise group comparisons revealed stronger functional coherence in MC than that in EC in the 4 cerebellar functional networks, including I-III, VI, left medial VIIa, and VIIb-VIII (Table 2) . Significantly stronger functional coherence was also observed in LC than in EC in cerebellar network VI. Significantly weaker functional coherence was found in LC than in MC, as well as in ADLT than in MC in cerebellar functional networks VIIb-VIII and IX.
Cerebello-Cortical Functional Networks in Childhood and Adulthood Figure 5 shows the cerebello-cortical functional networks in early, middle, and late childhood, as well as adulthood and Figure 6A illustrates the cerebello-cortical network organization. As compared with infants, children showed rich functional cerebello-cortical connectivity patterns encompassing 1) primary sensorimotor, 2) executive control, and 3) default mode systems. Figure 4B summarizes bar plots of the functional connectivity in each age group for each cerebello-cortical functional network of all 3 systems.
Sensorimotor System
The sensorimotor system consisted of 4 cerebello-cortical functional networks corresponding to sensorimotor cortical regions, and bilateral I-III, bilateral IV-V, left and right V/VIII cerebellar networks.
ANOVA tests showed significant group differences in functional connectivity strength of all 4 cerebello-cortical sensorimotor networks (I-III: F (3, 88) = 4.60, P = 0.005; IV-V: F (3, 88) = 3.47, P = 0.019; left V/VIII: F (3, 88) = 7.22, P = 0.001; right V/VIII: F (3, 88) = 3.31, P = 0.024). Table 3 lists the results of post hoc pair-wise group comparisons, revealing that the functional connectivity in 3 of the 4 cerebello-cortical sensorimotor networks was stronger in MC than in EC (I-III, IV-V, left V/VIII). Functional connectivity was stronger in LC than in EC for left V/VIII-cortical network only. Furthermore, functional connectivity strength was significantly weaker in ADLT than in MC in 3 of the 4 cerebellar-cortical sensorimotor networks (I-III and left and right V/VIII) and was weaker in ADLT than in LC in the left V/VIII-cortical network.
Executive Control System
The executive control system consists of 4 cerebello-cortical functional networks of the frontal, temporal, and parietal cortical regions with bilateral VI, left and right lateral VIIa, and bilateral VIIb-VIII cerebellar lobules.
ANOVA tests showed significant group differences in functional connectivity strength in 3 of the 4 cerebello-cortical functional executive control networks (VI: F (3, 88) = 4.20, P = 0.008; left lateral VIIa: F (3, 88) = 9.05, P = 0.001; right lateral VIIa: F (3, 88) = 7.04, P = 0.001). No significant group difference was found for bilateral VIIb-VIII (F (3, 88) = 2.76, P = 0.047).
Post hoc analysis (Table 3) showed that functional connectivity in VI and left and right lateral VIIa cerebello-cortical executive control networks was significantly stronger in MC than in EC. Stronger functional connectivity was observed in LC than in EC for the VI and left lateral VIIa cerebello-cortical networks and in ADLT than in EC for the left lateral VIIa cerebellocortical network. In contrast, functional connectivity of the right lateral VIIa cerebello-cortical network was significantly weaker in ADLT than in MC.
Default Mode System
The default mode system consists of 4 cerebello-cortical functional networks of lateral frontal, parietal, and temporal regions with left and right medial VIIa, bilateral VIIa, and bilateral IX cerebellar networks.
ANOVA tests showed significant group differences in functional connectivity strength of 2 cerebello-cortical functional default mode networks (left medial VIIa: F (3, 88) = 5.24, P = 0.002; IX: F (3, 88) = 6.60, P = 0.001). No significant group differences were found in 2 cerebello-cortical functional default mode networks (right medial VIIa: F (3,88) = 2.28, P = 0.085; bilateral VIIa: F (3,88) = 1.63, P = 0.188).
Post hoc analysis (Table 3) revealed stronger functional connectivity of both cerebello-cortical networks (left medial VIIa and IX) in MC than in EC. For the IX cerebello-cortical network, functional connectivity was also significantly stronger in LC than in EC, and for the left medial VIIa cerebello-cortical network, functional connectivity was stronger in ADLT than in EC. Similar to the cerebello-cortical sensorimotor and executive control networks, both left medial VIIa and IX cerebello-cortical networks showed weaker functional connectivity in ADLT than in MC. Figure 6A , and functional coherence in the 7 cortico-cortical network organization proposed by Yeo et al. (2011) and displayed in Figure 6B . Networks are grouped column-wise into sensorimotor, executive control, and default mode system. Mean and standard error of the mean of the functional coherence and connectivity as measured by normalized beta values (Z(b)) are shown in each age group. Significant difference between 2 age groups is indicated by a horizontal bar (□-□). att, attention; L, left; R, right; lat, lateral; med, medial.
Cortico-Cortical Networks in Childhood and Adulthood
Besides the cerebellar and cerebello-cortical functional networks, the cortex establishes long-range cortico-cortical functional networks during childhood. We utilized a cortico-cortical functional network organization by Yeo et al. (2011) to describe group differences of cortico-cortical networks in childhood and adulthood. Figure 4C shows bar plots of the functional coherence in each age group for each cortico-cortical network (Fig. 6B) . We considered their visual and somatomotor networks as part of the primary sensorimotor system, dorsal and ventral attention networks, and the frontoparietal network as part of the executive control system, the default network as the default mode system, and limbic network as a separate system. ANOVA tests showed significant group differences in functional coherence of 5 cortico-cortical networks (visual: F (3,88) = 18.80, P < 0.001; somatomotor: F (3, 88) = 15.42, P < 0.001; ventral attention: F (3, 88) = 20.85, P < 0.001; frontoparietal: F (3, 88) = 13.81, P < 0.001; default: F (3, 88) = 15.60, P < 0.001). No significant group differences were found in the other 2 corticalcortical functional networks (dorsal attention: F (3, 88) = 2.84, P = 0.043; limbic: F (3, 88) = 2.25, P = 0.088). Table 4 lists post hoc pair-wise group comparisons, revealing stronger functional coherence in MC than in EC and in ADLT than in EC in 5 cortico-cortical networks (visual, somatomotor, ventral attention, frontoparietal, and default). In contrast to the aforementioned group differences in cerebellar and cerebello-cortical functional networks, significantly stronger functional coherence was found in LC than in EC for visual, frontoparietal, and default networks, in ADLT than in MC for visual, somatomotor, ventral attention, and default networks, as well as in ADLT than in LC for somatomotor, ventral attention, and default networks.
Discussion
We employed rsfMRI data of infants, children, and adults and examined comprehensive age-related differences of functional circuits within the cerebellum, between the cerebellum and the cortex, as well as within the cortex. Our study revealed that 1) 6-month-old infants showed precursors of adult-like local functional organization of the cerebellum with selective functional connectivity to the cortical sensorimotor system; 2) by middle childhood, the cerebellar functional networks were largely developed and were similar to those seen in adults; 3) the cerebellar functional networks were more integrated with the cortex in the primary sensorimotor and the association systems in middle and late childhood than in early childhood and adulthood. This was in contrast to the integration of the corticocortical functional networks that were stronger in adulthood.
Together, these results suggested the asynchronous development of the cerebellar, cerebello-cortical, and cortico-cortical networks.
Selective Functional Coupling Between the Cerebellum and Cortex in Infancy
In infancy, the cerebellar functional subdivisions were present in the sensorimotor cerebellar regions and in the lateral cerebellar regions that were thought to be part of the executive control and default mode systems. The findings on the functional subdivisions within the infant cerebellum might reflect maturational processes in early neurodevelopment. Evidence from positron emission tomography shows that glucose metabolism substantially increases in the cerebellar hemispheres around 3 months of age (Chugani 1998) , which is accompanied by rapid volumetric cerebellar growth within the first year of life (Knickmeyer et al. 2008; Choe et al. 2013; Holland et al. 2014) .
However, cerebellar connectivity in infants was only found between sensorimotor regions of the cerebellum itself and with broad areas of the primary sensorimotor cortex. This is consistent with findings demonstrating that both the cerebellum and sensorimotor regions show increases in myelination in the first year of life (Deoni et al. 2011; Deoni et al. 2015) . Moreover, functional cortical network hubs in newborns are primarily located in the primary sensory and motor networks (Fransson et al. 2011) . The synchronization of spontaneous oscillations in the cortex with the sensorimotor cerebellum might be a response to stimuli in the external environment, or due to achievement of visuomotor abilities (Hadders-Algra 2005) . In the first 6 months of life, infants begin to voluntarily control postural-locomotor functions in the form of sitting, head lifting, crawling, trunk rotation, and visually guided movements such as grasping.
Functional networks in the cerebellar association systems, such as the executive and default mode systems, were present in infants; however, long-range connections with cortical regions were not observed. In parallel, in the cerebral cortex, the default mode system and the executive control system (Gao et al. 2015 ) also show a protracted growth pattern beyond the first year of life. Taken together, our findings provided evidence for an early cerebellar functional organization, whereby the selective sensorimotor cerebello-cortical functional organization in infancy reflected the developmental lag between the primary sensorimotor and association cortical systems.
Cerebellar and Cerebello-Cortical Functional Networks in Childhood
Unlike infants, children showed more detailed cerebellar functional subdivisions that integrated with several cortical Table 2 Pair-wise group differences in cerebellar functional coherence Firstly, the sensorimotor cerebello-cortical functional networks shown in childhood were composed of the anterior (I-III, IV, V) and inferior posterior cerebellum (VIII) in connection with the sensorimotor cortex, which was similar to that in adults discovered from the resting and task fMRI studies (Buckner et al. 2011) . Table 3 Pair-wise group differences in cerebello-cortical functional connectivity Note: β and P values obtained from linear regression analysis. *Significant group difference (P < 0.025, corrected for multiple comparisons; Benjamini and Hochberg 1995) . cFC, cortical functional connectivity; L, left; R, right. Table 4 Pair-wise group differences in cortico-cortical functional coherence according to the functional connectivity of the cerebellar networks displayed in Figure 5 and the cortico-cortical functional networks as proposed by Yeo et al. (2011) .
Both maps are overlaid on anatomical surface maps (Cox 1996) . att, attention; A, anterior; P, posterior; L, left; R, right; lat, lateral; med, medial.
Secondly, in childhood, the cerebellar functional subdivisions comprising lobules VI, lateral VIIa, and VIIb-VIII were functionally well connected with the fronto-parieto-temporal functional networks, which were also identified in adult studies (Habas et al. 2009; Buckner et al. 2011; Dobromyslin et al. 2012; Kipping et al. 2013) . In adults, these cerebello-cortical functional networks are suggested to contribute to higher-order sensorimotor integration (Dieterich and Brandt 2008; Glickstein et al. 2011) , as well as non-motor processes, including working memory, attention, planning, and set-shifting (Desmond and Fiez 1998; Hayter et al. 2007; Schmahmann et al. 2007 ). The functional connectivity of these cerebello-cortical networks was particularly strong during childhood, suggesting that the cerebellum may play a potential mediation role in the development of higher-order cognitive functions.
Thirdly, in childhood, cerebellar medial VIIa and IX cerebellar were functionally connected with subnetworks of the default mode system, which was consistent with that previously reported in adults using rsfMRI (Buckner et al. 2011; Dobromyslin et al. 2012) . The medial VIIa cerebello-cortical functional networks overlapped highly with a dorsal medial prefrontal system, whereas the IX cerebello-cortical functional network coincided with the medial temporal lobe system (Andrews-Hanna et al. 2010) . Both cerebellar functional subdivisions are differentiated for mediating selfmotion and spatial representation (Rondi-Reig et al. 2014; Igloi et al. 2015) , which might be relevant for the cerebral functioning of the aforementioned default mode subnetworks.
Asynchronous Development in Cerebellar, CerebelloCortical, and Cortico-Cortical Networks in Childhood
Our comprehensive analysis of the cerebellar, cerebellocortical, and cortico-cortical network organization revealed a differential maturation of the cerebellar, cerebello-cortical, and cortico-cortical functional networks. The cerebellar functional networks were largely present since infancy and became relatively mature by middle childhood (Fig. 7A) . The cerebellar functional networks were engaged in a complex cerebellocortical functional organization that was particularly more prominent in infancy and childhood as compared with adulthood (Fig. 7B) . In contrast, the cortico-cortical functional networks were more mature in adulthood than in childhood (Fig. 7C) , which reflects a dynamic process of the brain development at a network level. Reconfiguration of the cerebellocortical and cortico-cortical functional networks during development might be crucial for healthy brain maturation and can provide new insight on developmental principles of neural refinement and pruning that has been highlighted in the development of the cortico-cortical functional organization (Fair et al. 2007; Fair et al. 2008) .
In parallel with development of the cerebellar functional networks, the functional connectivity was the strongest at middle childhood for most of the cerebello-cortical networks in all 3 systems: sensorimotor, executive control, and default mode. The number of afferent corticopontine fibers to the cerebellum is many times greater than the number of efferent fibers from the deep cerebellar nuclei (Carpenter 1991) . The rich information from the cortex may help to promote the recruitment of the cerebellum to support motor and cognitive development in childhood. The idea of enhanced cortical stimulation to the cerebellum in childhood is in line with dramatic increases in cortical functional activation and cognitive performance during 4 and 10 years of age (Chugani 1998; de Bie et al. 2012) . Taken together, the motor and cognitive cerebello-cortical networks enable efficient acquisition and optimal execution of skills (Diamond 2002) . Clinical and behavioral studies in children and adults point out the cerebellar role in writing, language, cognitive functions (De Smet et al. 2013) , executive functions (Diamond 2002) , and advanced sensorimotor integration (Vasudevan et al. 2011) . Hence, stronger functional connectivity in various cerebellocortical functional networks in childhood might be driven by cortical and cognitive demands. However, the strong functional integration of the cerebellum into the cortical networks in childhood has also clinical implications. Cerebellar injury associated with premature birth has been found to remotely alter cerebral maturation (Limperopoulos et al. 2010 (Limperopoulos et al. , 2014 , and motor and cognitive development in children (Bolduc et al. 2012; Limperopoulos et al. 2014) , and increase the risk for developing autism spectrum disorder (Limperopoulos et al. 2014) . Thus, similar to the effect that the cerebral cortex may have on cerebellar development, impaired cerebellar maturation might equally mediate alterations of functional organization in the cerebral cortex. This cerebellar-driven developmental perspective also supports the association of neuroanatomical malformations in the cerebellum and various neurodevelopmental pathologies such as ADHD (Mackie et al. 2007 ), autism spectrum disorder (Courchesne et al. 1994) , dyslexia (Nicolson et al. 2001) , and Fragile X syndrome (Mostofsky et al. 1998) . Taken together, the cerebello-cortical interactions allow for the cerebellum to integrate information from the cerebral cortex and send it back, in the form of both cerebellar internal feedback and feed-forward models (Wolpert et al. 1998; Ramnani 2006; Ito 2008) .
After reaching the peak of integration between the cerebellum and the cortex in middle childhood, the functional connectivity in most of the cerebello-cortical networks was weaker in adulthood. A stronger subcortico-cortical functional connectivity in children (7-9 years) as compared with young adults (19-22 years) is also reported by Supekar et al. (2009) . In addition, the cortico-cortical functional connectivity was weaker in children than that in young adults (Supekar et al. 2009 ). Similarly in our study, the functional organization of the enhanced cortico-cortical networks, accompanied by that of the comparably weak cerebello-cortical functional networks in adults, might reflect plastic changes at a network level (Fair et al. 2007 ). These plastic mechanisms have been suggested to contribute to age-dependent efficient learning processes of motor and cognitive information (Amso and Casey 2006; Kuhn and Pease 2006; Chatham et al. 2009; Koziol and Lutz 2013) .
Changes in the cortico-cortical local functional connectivity (Uddin et al. 2010 ) might involve weakening in the cerebellocortical connectivity, which was found to occur during adolescence (Bernard et al. 2016) . Compared with childhood, a weaker cerebello-cortical functional connectivity in adulthood might suggest less recruitment of the cerebellum for performing both motor and cognitive tasks, which in turn implies a potential cerebellar contribution only when tasks are demanding or unfamiliar in adulthood (Imamizu et al. 2000; Riecker et al. 2005) .
Limitations
This study included the datasets ranging from infancy, early, middle, and late childhood to adulthood to capture substantial developmental dynamics of the cerebellar, cerebello-cortical, and cortico-cortical functional organization. However, this study was a cross-sectional study. The rsfMRI data of infants were acquired using a 1.5 T MRI scanner, while the rest of the data were acquired using a 3 T MRI scanner. This may result in differences in signal-to-noise ratio between the infant dataset and the rest of the datasets. Future longitudinal designs with larger samples and standardized data acquisition are needed to definitively delineate such developmental effects. Furthermore, this study used rsfMRI, which only captures one aspect of the cerebello-cortical development. Morphometric assessments of cerebello-cortical networks can provide complementary information. Finally, we did not quantify the cerebellar and cerebello-cortical functional networks in the infant dataset. This is primarily because of challenges in imaging the infant's brain during a period when the gray and white matters cannot be well distinguished with either T 1 -or T 2 -weighted MRI. In addition, large variability of the brain functional organization were observed among adults and infants below 1 year old, which poses a challenge for quantitative comparisons of the functional organization among these 2 groups (Fransson et al. 2007 (Fransson et al. , 2011 Gao et al. 2013 Gao et al. , 2015 van den Heuvel et al. 2015; Cao et al. 2016) .
Conclusion
We observed the cerebellar functional networks in infants that exhibited strong functional connectivity with the cortical regions corresponding to the sensorimotor system rather than to the association systems. Secondly, we found asynchronous age-related differences of cerebellar, cerebello-cortical, and cortico-cortical functional networks when contrasting 3 different periods in childhood (early, middle, and late) and in adults. Our findings suggested that the development of the cerebellocortical functional networks may result from interactions between the cerebellar functional networks and the corticocortical functional networks over childhood into adulthood (Johnston 2009; Koziol et al. 2014) . The combined assessment of network-specific cerebellar, cerebello-cortical, and corticocortical functional development sheds light on the nonlinear nature of brain maturation. The apparent asynchronous organization of these functional networks in turn provides a framework for understanding brain development in relation to typically developing behavior and developmental neuropsychiatric disorders.
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